During the initial stages of intraperiplasmic growth of Bdellovibrio bacteriovorus on Escherichia coli, the peptidoglycan of the E. coli becomes acylated with long-chain fatty acids, primarily pahnitic acid (60%) and oleic acid (20%). The attachment of the fatty acids to the peptidoglycan involves a carboxylic-ester bond, i.e., they were removed by treatment with alkaline hydroxylamine. Their linkage to the peptidoglycan does not involve a protein molecule. When the bdelloplast peptidoglycan was digested with lysozyme, the fatty acid-containing split products behaved as lipopeptidoglycan, i.e., they were extracted into the organic phase of 1-butanol:acetic acid:water (4:1:5) two-phase system; all of the lysozyme split products generated from normal E. coli peptidoglycan were extracted into the water phase. It is suggested that the function of the acylation reaction is to help stabilize the bdelioplast outer membrane against osmotic forces. In addition, a model is presented to explain how a bdellovibrio penetrates, stabilizes, and lyses a substrate cell.
In the previous two papers (13, 14) , we have shown that when Escherichia coli serves as the substrate organism for bdellovibrio growth, at least four enzymatic activities, i.e., glycanase, peptidase, N-deacetylase, and protease activities, modify the peptidoglycan layer of the E. coli during the initial stages of bdellovibrio attack. It was proposed that the glycanase activity is responsible for making the entry pore in the E. coli peptidoglycan layer (13) . The N-deacetylase activity was thought to bring the potentially lytic glycanase activity to a halt and thereby prevent premature lysis of the bdelloplast.
More specifically, it was shown (14) that bdelloplast peptidoglycan is resistant to lysozyme digestion because most of its muramic acid and glucosamine residues are not N-acetylated. If the deacetylated peptidoglycan is chemically acetylated, it becomes sensitive to lysozyme digestion. However, about half of the digestion products exhibit hydrophobic interactions and are precipitated in cold trichloroacetic acid. The data suggested that a molecule capable of hydrophobic interactions becomes linked to the bdelloplast peptidoglycan during the initial stages of bdellovibrio development. It was shown that this hypothetical molecule was not protein.
An alternate explanation for the hydrophobic characteristics would be provided if long-chain fatty acids become linked to bdelloplast peptidoglycan. In this paper we identify the nature of the hydrophobic moiety and present the framework of a model that explains how the bdellovibrio produces the penetration pore and stabilizes and then lyses the bdelloplast.
MATERIALS AND MEHODS Organisms. Bdellovibrio bacteriovorus 109J was used in all experiments. Cells for experiments were grown on E. coli ML35, as described in a preceding paper (13) . Pregrown E. coli W7, a lysine and diaminopimelic acid (DAP) double auxotroph, or E. coli W7-M5, a derivative of E. coli W7 unable to catabolize glucosamine (13) , were used as the substrate cells in synchronous single-cycle bdellovibrio cultures.
Radioactive labeling of cells. The peptidoglycan amino sugars of E. coli W7-M5 and the DAP residues of E. coli W7 and E. coli W7-M5 were radioactively labeled by growing the cells in the presence of [1-'4C] glucosamine or [U-3H]DAP, respectively, as previously described (13) . General experimental design. In all of the experiments described, bdellovibrios (10'°cells per ml) were grown on pregrown substrate cells (5 x 109 cells per ml), E. coli W7 or E. coli W7-M5 suspended in HM buffer (13) at 30°C. The resulting synchronous single-cycle culture took about 3.5 h to complete. Peptidoglycan, operationally defined as sodium dodecyl sulfate-ethylenediaminetetraacetic acid (SDS-EDTA)-insoluble material, was isolated from culture samples as previously described (13) and further treated and analyzed as appropriate. When necessary, 1016 THOMASHOW AND RITTENBERG amino sugars and/or DAP residues of the substrate cell's peptidoglycan were radioactively labeled so that substrate cell peptidoglycan could be distinguished from bdellovibrio peptidoglycan. Throughout the text, the term "E. coli peptidoglycan" is used to denote the normal E. coli peptidoglycan, whereas "bdelloplast peptidoglycan" refers to the altered E. coli peptidoglycan present in the bdelloplasts.
Lysozyme, trypsin, and acetic anhydride treatments. The procedures used to digest isolated peptidoglycan with lysozyme or trypsin or to N-acetylate it with acetic anhydride were described in the preceding paper (14) as was the procedure used to determine cold trichloroacetic acid-soluble radioactivity after lysozyme digestion.
Alkaline hydroxylamine treatment. Lyophilized peptidoglycan preparations (up to about 3 mg dry weight) were treated at 63°C for 3 min with 3.0 ml of an alkaline hydroxylamine solution, freshly prepared as described by Snyder and Stephens (10) . After treatment, 5 .0 ml of cold 1.0 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride, pH 7.3, was added, and the material was sedimented at 144,000 x g for 1 h. The sediment was washed twice in 1 mM NaCl.
Fatty acid analysis. Peptidoglycan (up to about 2 mg dry weight) was hydrolyzed in 4 N HCl in vacuo for 5 to 15 h at 1000C in a total volume of 1.5 ml. Arachidic acid was added to the sample before hydrolysis as an internal standard and control on recovery. The samples themselves did not contain arachidic acid. The hydrolysates were extracted three times with 1.5 ml of light petroleum ether (bp, 30 to 60°C).
The extracts were combined and dried under a stream of nitrogen gas. The residues were methylated with 0.5 ml of BF3-methanol reagent (14% wt/vol; Applied Science Laboratories) by boiling for 2 min in a sealed, screw-capped (Teflon-lined) tube and then quickly cooled in a water bath at room temperature. Distilled water was added (0.5 ml) followed by light petroleum ether (1.0 ml), and the samples were vigorously mixed.
The top phase was then collected and dried under a stream of nitrogen gas. The residues were redissolved in hexane, and the fatty acids were separated by gasliquid chromatography on a stainless steel column (0.3 cm by 1.8 m) packed with 10% Silar 10C on Gas-Chrom Q 100/120 (Applied Science Laboratories) with a Perkin-Elmer (Norwalk, Conn.) 990 gas chromatograph equipped with an Infotronic automatic digital integrator (Infotronics, Austin, Tex.).
To determine N-acyl and O-acyl fatty acids, a modification of a previously described procedure (6) was followed. Lyophilized peptidoglycan was treated with alkaline hydroxylamine for 3 min at 630C as described above. The sample was then cooled (00°) and centrifuged at 20,000 x g for 60 to 90 min. The supernatant, which contained the O-acyl fatty acids as their hydroxamates was acidified with 0.25 ml of concentrated HCI and placed at 1000C for 1 h to regenerate the free fatty acids. After cooling, arachidic acid and 1.0 ml of water were added. The sediment which contained the N-acyl fatty acids was resuspended in 1.5 ml of 4 N HCl, arachidic acid was added, and the preparation was hydrolyzed in vacuo for 15 h at 100°C. The fatty acids in the O-acyl and N-acyl preparations were extracted, methylated with BF3-methanol, and separated by gas-liquid chromatography as described above.
Amino acid and amino sugar analysis. Quantitative amino acid and amino sugar analyses of acidhydrolyzed peptidoglycan (4 N HCl in vacuo for 15 h at 1050C) were made with a Beckman 119 automatic amino acid analyzer equipped with a single column (60 cm) packed with resin type AA-15.
Partitioning of peptidoglycan lysozyme split products between acid-butanol and water. Trypsin-digested and acetic anhydride-treated peptidoglycan from 10 ml of culture (about 300 ,ug of peptidoglycan) was suspended in 1 ml of 50 mM Tris-hydrochloride, pH 7.3, and digested with lysozyme (0.2 mg) for 3 h at 370C. After addition of 0.2 ml of glacial acetic acid and 0.8 ml of 1-butanol (the final ratio of butanol:acetic acid:water was 4:1:5), the mixture was vigorously agitated, and the two phases were separated by centrifugation (3,000 x g, 5 min). The top phase (butanol phase) was removed, and the bottom phase was extracted two more times with fresh top phase. The top phases were combined and backwashed one time with 3.0 ml of fresh bottom phase, and this bottom phase was combined with the original bottom phase. To determine the distribution of radioactivity, samples of each phase were assayed by scintillation counting. To determine the distribution of fatty acids, a portion of each phase was dried, arachadic acid was added as an internal standard, and the total fatty acid content was determined as described above after a 15-h hydrolysis.
In some cases, the lysozyme digests were first precipitated with cold trichloroacetic acid. To 1.0 ml of a lysozyme digest, 1.0 ml of water, 0.1 ml of 100% trichloroacetic acid and 0.05 ml of a bovine serum albumin solution (10 mg/ml of water) were added. The mixture was held at 00C for 10 min and then sedimented at 2,000 x g for 10 min. The supernatant was collected, and 50 pl of the bovine serum albumin solution was added to it. The pellet was resuspended in 2.0 ml of water, and 0.05 ml of 1 M Tris (pH 7.3) and 0.1 ml of 100% trichloroacetic acid were added. Then, 1.0 ml of the supernatant and 1.0 ml of the resupended pellet were partitioned between acid-butanol and water as described above.
Solubilization of peptidoglyean preparations by digestion with sonically disrupted 15-min bdellovibrio cultures. To obtain a cell-free preparation containing glycanase activity, a synchronous single-cycle bdellovibrio culture was terminated 15 min after initiation by cooling rapidly in an ice-water bath. The total iced culture, cells, and suspending fluid were disrupted with a Branson W200P Sonifier equipped with the normal tip at full power for 15 s. The suspension was then cooled in an ice-water bath for 90 s. The procedure was repeated 10 more times and resulted in greater than 90% cell breakage.
In a typical solubilization experiment, 7.0 ml of this crude broken cell preparation was supplemented with 0.7 ml of a radioactively labeled peptidoglycan suspension (equivalent to the amount of peptidoglycan isolated from 7.0 ml of culture) and 77 pl of a 1 M sodium azide solution. At various times, 1.0-ml samples were taken, 0.1 ml of cold 100% trichloroacetic acid was J. BACTERIOL. added, and the samples were held on ice for 30 min. The samples were then sedimented at 20,000 x g for 10 min, and the radioactivity of the supernatant was determined. The reported rates of peptidoglycan solubilization were based on the rates of release of radioactivity during the first hour of incubation. Over this period the rates of solubilization were constant.
Scintillation counting. Radioactivity of all samples was determined in 5.0 ml of PCS solubilizer scintillation fluid (Amersham, Arlington Heights, Ill.) with a Beckman LS200 scintillation spectrometer.
RESULTS
Presence of long-chain fatty acids in bdelloplast peptidoglycan. As mentioned above, a reasonable explanation for the observed hydrophobic properties of the bdelloplast peptidoglycan molecule (14) would be the presence of covalently linked long-chain fatty acids. If so, removal of the fatty acids should eliminate the hydrophobic characteristic and render the lysozyme digestion products completely trichloroacetic acid soluble. To test this possibility, peptidoglycan isolated from 100-min bdelloplasts was treated sequentially with alkaline hydroxylamine (which removes O-acyl fatty acids), acetic anhydride, and lysozyme, and the solubility of the products in cold trichloroacetic acid was determined (Table 1 ). In conformity with the prediction, all of the bdeiloplast peptidoglycan became solubilized. In contrast, greater than half of the bdelloplast peptidoglycan lysozyme split products generated from peptidoglycan that had been treated first with acetic anhydride, or with trypsin and acetic anhydride, were precipitable in cold trichloroacetic acid. These data a Peptidoglycan was isolated from a 100-min singlecycle bdellovibrio culture growing on [U-3H]DAP-labeled E. coli W7, treated sequentially as indicated (Ac, acetylated with acetic anhydride; Ty, digested with trypsin; Ha, treated with alkaline hydroxylamine), and digested with lysozyme, and the percent radioactivity rendered cold trichloroacetic acid soluble was then determined.
b Ratio of cold trichloroacetic acid-soluble radioactivity to total radioactivity (6,500 to 10,000 cpm) of the lysozyme-digested samples.
were consistent with the notion that fatty acids become linked to the E. coli peptidoglycan during bdellovibrio growth.
To directly demonstrate the presence of fatty acids, peptidoglycan isolated from a 90-min bdellovibrio culture (T = 90) and from the initial bdeliovibrio-E. coli cell suspension (T = 0) were analyzed for fatty acids before and after digestion with trypsin. The data ( Fig. 1 and Table 2) show that both the T = 0 and T = 90 peptidoglycans had fatty acids associated with them. Gas-liquid chromatography showed that the T = 0 sample contained four major species of fatty acids, palmitic acid (51%), oleic acid (19%), an unidentified fatty acid (17%), and palmitoleic acid (9%), whereas the T = 90 sample had two, palmitic acid (60%) and oleic acid (19%). No ,Bhydroxymyristic acid was detected in either sample, indicating that lipopolysaccharide (LPS) was not contaminating the peptidoglycan preparations.
When the T = 0 peptidoglycan was treated with trypsin before fatty acid analysis, essentially all of the fatty acids were lost from the peptidoglycan preparation ( Fig. 1; Table 2 ). This was the expected result. Bdellovibrio peptidoglycan does not contain detectable amounts of fatty acids (12) , and, therefore, all of the fatty acids present in the T = 0 peptidoglycan preparation presumably were contributed by the E. coli Braun lipoprotein. Because this lipoprotein is removed from E. coli peptidoglycan layer by trypsin digestion (2), the fatty acids should have been, and were, also removed.
In sharp contrast to the findings with the T = 0 peptidoglycan preparation, approximately 75% of the fatty acids associated with the T = 90 peptidoglycan were not removed by trypsin digestion ( Fig. 1; Table 2 ). Control experiments showed that all associated protein is removed by trypsin treatment (see Table 4 ). These data show that fatty acids indeed become linked to the E. coli peptidoglycan during bdellovibrio intraperiplasmic growth, and, furthermore, that they are not linked to the peptidoglycan through an intermediary protein.
Data reported in the preceding paper (14) suggest that much of the E. coli lipoprotein is lost from sedimentable bdelloplast peptidoglycan. It will be noted here ( Bdellovibrios uwere grown on [U-HJDAP-labeled E. coil W7, and the peptidoglycan was isolated fr-om the initial cell suspension (T -0) and 90-mm bdeloplasts (7'-90). Portions of these preparation*s were further treated with try_ps_ n (7-OTy and T -9OTy), and the untreated and treated sampes were assayed for total fatty acids and for radioactivity (see Tabl 2) . A photograph of the gas-liquid chromatogra_m is presented.
The arrow indicates the posittion of the internal standard arachidic acid. evidence that much ofthe lipoprotein is removed from the E. coli peptidoglycan during bdellovibrio attack.
Results of a quantitative analysis of the fatty acids associated with peptidoglycan from a 90-min bdellovibrio culture that had undergone trypsin digestion and N-acetylation with acetic anhydride are presented in Table 3 . The major fatty acids present were palmitic acid (approximately 60% of total) and oleic acid (approximately 20% of total). Essentially all of the fatty acids were in O-acyl linkage. There is, however, an anomaly that is apparent when the fatty acid composition after acid hydrolysis (for 5 or 10 h) is compared with the Q-acyl fatty acids released by treatment with alkaline hydroxylamine. Even bEqual portions of peptidoglycan (equivalent to that isolated from 10 ml of culture) were quantitatively assayed for total fatty acid (A = 5-h hydrolysis, B = 10-h hydrolysis), O-acyl fatty acids (by alkaline hydroxylamine treatment), and N-acyl fatty acids as described in the text.
though the same amount of fatty acid is recovered after both procedures, the acid hydrolysate data show that palmitic acid accounts for approximately 60% of the total fatty acids present, whereas the alkaline hydroxylamine data indicate that only 40% of the fatty acids is palmitic acid. The decrease in amount of the alkaline hydroxylamine sample is, however, balanced by an unknown peak "Y" which accounted for 19% of the fatty acid residues. This material was not detected in either 5-or 10-h acid hydrolysates. One possible explanation is that the fatty acid in peak Y was acid labile, and its major breakdown product has the same retention time as palmitic acid.
The quantitative amino acid and amino sugar composition of this same trypsin-and acetic anhydride-treated peptidoglycan preparation is presented in Table 4 . The composition is typical of purified peptidoglycan from gram-negative bacteria (9) . No amino acids other than alanine, glutamic acid, and DAP were detected. Because residues at 1% of the DAP concentration would have been detected, it can be concluded that protein was not present. This result confirms the conclusion that the fatty acids are not linked to the peptidoglycan through an intermediary protein. There was, however, an unidentified residue that had a retention time between that of lysine and ammonia.
Covalent attachment of fatty acids to bdelloplast peptidoglycan. The data presented to this point argue strongly in favor of a covalent attachment between the "trypsin-resistant" fatty acids (i.e., the fatty acids not removed by trypsin treatment) and the bdelloplast peptidoglycan. The two strongest arguments are (i) that the fatty acids remained associated with the peptidoglycan preparation even after twice being boiled in SDS-EDTA, and (ii) that treating bdelloplast peptidoglycan with alkaline hydroxylamine destroyed the hydrophobic char- acteristic of bdelloplast peptidoglycan. To further substantiate the covalent nature of the association, the bdelloplast peptidoglycan lysozyme split products were partitioned between acid butanol and water. If fatty acids were covalently linked to the lysozyme split products, these split products should behave as "lipopeptidoglycan" and partition into the organic phase of the acid butanol-water two-phase system. This was the case. When the [U-3H]DAP-labeled 90-min bdelloplast peptidoglycan was sequentially treated with trypsin, acetic anhydride, and lysozyme, some 58% of the split products partitioned into the organic phase along with essentially all of the fatty acids (Table 5 ). E. coli peptidoglycan from the initial cell suspension treated in the identical manner gave products that partitioned into the water phase, as expected. When 90-min bdelloplast peptidoglycan was partitioned directly (i.e., not treated with lysozyme), it remained in the water phase. Correspondingly, the fatty acids associated with this peptidoglycan also remained in the water phase. These data argue persuasively in favor of a covalent attachment of the fatty acids to the E. coli peptidoglycan.
The data presented in Table 5 also show that the same percentage of lysozyme split products generated from the 90-min bdelloplast peptidoglycan that was extractable from water into butanol was also precipitable in cold trichloroacetic acid. This suggests that the cold trichloroacetic acid precipitate contained the peptidoglycan split products with the covalently linked fatty acids. This was confirmed by the fact that the split products in the cold trichloroacetic acid precipitate were extractable into butanol, whereas the cold trichloroacetic acid-soluble split products were not (Table 5) . Kinetics of acylation of bdelloplast peptidoglycan. The fatty acids that are not removed by trypsin become associated with bdelloplast peptidoglycan during the initial stages of the intraperiplasmic growth cycle (Fig. 2) , and by 40 min, fatty acid attachment was essentially complete and remained constant until lysis of the bdelloplasts began. At that time, the fatty acids were lost from sedimentable peptidoglycan, and with completion of lysis, only trace amounts of the fatty acids could be detected.
Whether the fatty acids were solubilized by an independent lipase activity or as a consequence of peptidoglycan solubilization is unknown.
Activity of initial penetration enzymes on native and chemically modified bdelloplast peptidoglycan. In the previous paper (14) , we proposed that the glycanase activity expressed during bdellovibrio penetration is VOL. 135, 1978 on July 6, 2017 by guest http://jb.asm.org/ The radioactivity and total fatty acid content in each phase were determined. In addition, the T = 90 lysozyme digest was treated with cold trichloroacetic acid to obtain the soluble (TCAE) and sedimentable split products (TCAp). These fractions were then partitioned between the acid-butanol-water, and the distribution of radioactivity was determined. 'HIDAP-labeled E. coli W7. At various times, the peptidoglycan was isolated and treated with trypsin, and a portion (equivalent to that isolated from 10 ml ofculture) was assayed for total fatty acids (a 15-h hydrolysis was used). In addition, the cold trichloroacetic acid-soluble radioactivity was determined with time (a value of 100o is equivalent to 1,850 cpm).
brought to a halt by N-deacetylation of the amino sugars of the substrate cell's peptidoglycan. To test the possibility that attachment of the fatty acids to the substrate cell's peptidoglycan is also, in part, responsible for regulating the glycanase activity, native and chemically modified bdelloplast peptidoglycan preparations were digested with a sonically disrupted 15-min bdellovibrio culture presumed to contain the glycanase. The crude glycanase preparation solubilized the glycan portion of normal E. coli peptidoglycan (T = 0) some 5 to 10 times faster than it solubilized the amino sugars of 90-min bdelloplast peptidoglycan (Table 6 ). The attachment of fatty acids to bdelloplast peptidoglycan did not contribute to the slower rate of solubili- [1-'4C] glucosamine-labeled E. coli W7-M5 and the peptidoglycan was isolated from the initial cell suspension (T = 0) and 90-min bdelloplasts (T = 90). Portions of the T = 90 peptidoglycan were treated with acetic anhydride (T = 90Ac), alkaline hydroxylamine (T = 9OHa), or both (T = 9OHaAc). The peptidoglycan preparations were then incubated with a sonically disrupted suspension of a 15-min bdellovibrio culture and the cold trichloroacetic acid-soluble counts released with time were determined (see text for details). ' The rate of T = 0 solubilization was arbitrarily set at 100, and the other values were adjusted accordingly. The T = 0 rates ranged from 250 to 2,300 cpm of '4C solubilized per h and from 600 to 4,400 cpm of 'H solubilized per h.
zation. When the fatty acids were removed by alkaline hydroxylamine treatment (T = 90Ha), the rate of solubilization of the modified peptidoglycan was still some 10-fold less than the T = 0 rate. After further modification of the T = 9OHa peptidoglycan by N-acetylation with acetic anhydride (T = 90 HaAc), the rate of glycan solubilization approached the rate obtained with T = 0 peptidoglycan as substrate.
The data are consistent with the conclusion that the glycanase activity is regulated by the Ndeacetylation reaction, and they indicate that attachment of fatty acids to the E. coli peptidoglycan does not play a regulatory role, at least as far as the glycanase activity is concerned.
DISCUSSION
The data presented clearly demonstrate that fatty acids become covalently bonded to substrate cell peptidoglycan during bdellovibrio growth. These fatty acids, predominantly palmitic and oleic acids, exist in the peptidoglycan as O-acyl units. To our knowledge, this O-acylated peptidoglycan represents a uniquely modified peptidoglycan. The fatty acids are not linked to the peptidoglycan through an intermediary protein, but another type of intermediary unit could be present.
A possible function of the acylation process is that it helps to stabilize the bdelloplast structure against osmotic rupture. This role is suggested by the observation that during bdellovibrio intraperiplasmic growth the inner membrane of the substrate cell shrinks in size while the outer membrane expands (1, 11) . One can infer from this observation that the osmotic barrier of the bdelloplast switches from the inner to the outer membrane during bdellovibrio growth. The osmotic pressure acting on the inner (cytoplasmic) membrane of a typical procaryotic organism is counteracted by its peptidoglycan layer. The peptidoglycan in effect surrounds and contains the inner membrane and keeps it from swelling to the point of rupture. When the osmotic boundary is shifted to the outer membrane, as appears to be the case with the bdelloplast, a different protective mechanism seems necessary. One possibility is that the outer membrane of the bdelloplast is firmly anchored to the bdelloplast peptidoglycan by hydrophobic interactions and is consequently protected against disruption by the tensile strength of the peptidoglycan layer. The postulated anchoring would result from the association of the hydrophobic ends of the acylated peptidoglycan with the fatty acids of the outer membrane phospholipids. This postulated role is similar to the proposed role of the Braun lipoprotein (2) of binding the outer membrane of E. coli to its peptidoglycan. Because a large portion of this lipoprotein is cleaved from the peptidoglycan during bdellovibrio growth, it cannot have this role in the bdelloplast.
In the previous paper (14) we proposed that the glycanase activity expressed during bdellovibrio penetration into E. coli is brought to a halt by a generalized N-deacetylation of the E. coli peptidoglycan amino sugars. This proposal was based on the observation that the N-deacetylation reaction converts the initially lysozymesensitive peptidoglycan of E. coli to a lysozymeresistant form. Here we report more physiologically significant data which support the original proposal. Crude cell-free preparations of 15-min bdellovibrio cultures which solubilize normal E. coli peptidoglycan are much less effective in solubilizing the N-deacetylated bdelloplast peptidoglycan. When the bdelloplast peptidoglycan is deacylated with alkaline hydroxylamine and reacetylated with acetic anhydride, it is converted back to a form which is solubilized at a rate near that of solubilization of normal E. coli peptidoglycan.
It will be noted that the crude cell-free preparations did catalyze a slow hydrolysis of isolated N-deacetylated bdelloplast peptidoglycan, whereas in vivo no amino sugars were cleaved from the E. coli peptidoglycan after bdellovibrio penetration was complete (13) . There are many reasons why the two experiments could give somewhat different results. Probably the most significant of these is that in the experiment VOL. 135, 1978 on July 6, 2017 by guest http://jb.asm.org/ reported here, which was a crude reconstruction of the in vivo conditions, the bdellovibrio autolysin(s) was probably freed by the sonication step and acted on the added radioactive peptidoglycan. We have previously shown that bdellovibrio rapidly tums over its peptidoglycan after being released from the bdelloplast (12) . Additionally, preliminary data suggest that when the bdellovibrio is growing inside the bdelloplast, its peptidoglycan is N-deacetylated. Therefore, the bdellovibrio autolysin(s) might very well be able to act on the N-deacetylated 90-min bdelloplast peptidoglycan and cause the observed slow rate of solubilization. Regardless, the data presented clearly show that the N-deacetylation reaction converted the E. coli peptidoglycan to a form which was much less effectively solubilized than normal E. coli peptidoglycan by the combined efforts of all the lytic enzymes present in a 15-min bdellovibrio culture.
Model for bdellovibrio penetration, stabilization, and lysis of its substrate celi.
The data presented in this and the preceding two papers (13, 14) demonstrate that there are a number of enzyme activities that solubilize and modify the peptidoglycan layer of E. coli when it serves as the substrate organism for bdellovibrio intraperiplasmic growth. These enzyme activities include: (i) a glycanase, (ii) a peptidase, (iii) an N-deacetylase, (iv) an acylase, (v) an activity removing Braun lipoprotein, possibly a protease, and (vi) a final lytic activity directed against the modified peptidoglycan. Furthermore, during bdellovibrio penetration, an enzyme(s) cleaves glucosamine from the LPS of the E. coli. From the data presented, the framework of a model can be proposed that accounts for how the bdellovibrio breaches, stabilizes, and lyses a substrate cell.
Three of the enzymes mentioned above are active during bdellovibrio penetration: the glycanase, peptidase, and LPSase. The glycanase and LPSase are active only during bdellovibrio penetration, whereas the peptidase is active throughout most of the bdellovibrio growth phase, albeit at a constantly diminishing rate. We have proposed (13) that the glycanase and LPSase are responsible for making the entry pore in the E. coli's peptidoglycan and LPS layers, respectively. The glycanase and/or the peptidase could be responsible for weakening the peptidoglycan layer of the E. coli and thereby be responsible for permitting conversion of the substrate cell to a spherical shape. Because a sphere has the maximum volume for a given surface area, this change in shape, in effect, creates more room for bdellovibrio growth.
Also active early in the intraperiplasmic growth cycle are the N-deacetylase and the acylase. These enzymes can be considered to be stabilizing enzymes. As discussed above, the acylation reaction could function in stabilizing the bdelloplast outer membrane against osmotic forces. We believe that the N-deacetylase stabilizes the bdelloplast structure by bringing the potentially lytic glycanase activity to a halt by substrate modification soon after bdellovibrio penetration is complete. The conversion of the E. coli peptidoglycan to a form which is resistant to the initial penetration enzymes should have the added effect of preventing subsequent invasion of the bdelloplast by other bdellovibrios, i.e., should serve as an exclusion mechanism. This inference is supported by the experiment (13) showing that bdellovibrios added to a culture in large numbers (input ratio of 12) after bdelloplast formation do not solubilize additional peptidoglycan even though they attach to the bdelloplasts. Thus, once inside the bdelloplast, the bdellovibrio has sealed itself into a structure which enables it to grow without having to compete with other bacteria for nutrients.
Once the bdellovibrio penetrates into the periplasmic space of the substrate organism and stabilizes the bdelloplast structure, it grows and produces progeny bdellovibrios. Then, with completion of growth, the bdellovibrio synthesizes a new enzyme(s) that completely solubilizes the remaining peptidoglycan (13) , and the progeny bdellovibrios are released. As might be expected, the activity of this lytic enzyme(s) is apparently directed specifically toward the modified peptidoglycan found in bdelloplasts. Preliminary results suggest that the final lytic enzyme can only cleave bonds in the glycan portion of peptidoglycan having unsubstituted amino groups in the amino sugars.
Although we have only begun to understand, at the molecular level, how a bdellovibrio establishes and lyses the bdelloplast structure, it is clear that these processes involve a number of enzymatic activities that are exquisitely coordinated. This coordination includes the control of enzymes, both degradative and biosynthetic, acting on a substrate external to the bdellovibrio. Prior studies have shown that the bdellovibrio, to a large degree, controls its nutritional environment (3-5, 7, 8, 15) . The experiments reported here and in the previous two papers (13, 14) reveal that the bdellovibrio also has remarkable control over the nature of the structure that it inhabits during growth.
